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SUMMARY

An experimentalinvestigationwas conductedat CornellUniversity
as a partof a researchprogramsponsoredby theNationalAdvisory
CommitteeforAeronauticsto studythebehaviorof fulljournalbearings
understeadyloadwhenacted uponby a steadymisaligningcouple.Dis-
placementsof theendsofthe journalaxisrelativeto thebearingaxis
weremeasuedwitheitheran axialcoupleappliedintheplaneof the
centralloador a twistingcouplein theplanenormalto thecentral
load. Oil-flow-rateandbearing-temperaturemeasurementswerealsomade
to determinetheeffectofmisaligningcoupledon thesequantities.

Journalsl? inchesin diameterwereusedat length-diameterratios

of 2, 1A,1, and~with clearancesrangingfrom0.0018to 0.00% inch.2 k
Journalspeedsfrom1,200to ~,000rpmandcentralloadsto 1,290pounds
wereusedwithmisaligningcouplesas hi@ as 288inch-pounds.SAX10oil,
at an inletpressureof 80 poundsper squareinch,was fedthrougha sin-
gle$ -inch-diameteroilholelocatedoppositethe appliedcentralload.

The displacementdataobtainedarepresentedas chartsrelatingthe
misaligningcoupleto theeccentricityat theendof thebearingin rela-
tionto thecentralloadandothervariablesin nondimensionalform.
Chartsarealsopresentedcomparingthe effectof a misaligningcoupleon
maximumeccentricitywithan equivalentcentralloadwhichis a multiple
of theappliedcentralload. Thismultipleis called“loadratio”and
showstherelativelylargeeffectof smallmisaligningcoupleson eccen-
tricity.Dataarealsopresentedto showthatmisaligningcoupleshavea
negligiblysmalleffecton beartngtemperatureandon oilflowrate,pro-
videdthe oilfilmis notruptured.

.
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INTRODUCTION

Engineeringinformationforthedesignof journalbearingswiththe b.

journalaxismisalinedrelativeto thebearingaxisis neededsincemost
practicalengineeringcasesinvolvemisalinementdueto (1)elasticor
thermaldeflection,(2)bown appliedcoupleson singlebearings,or
(3)Unavoidabledifficultiesof alinementinmanufacture.Examination
of failedbearingswilloftenshowevidencethatthefailureoriginated
at oneendof thebearing.Fortunately,theabilityof softbearing
materialsto conformor run-inis of considerableaidin caseswherethe
misalineddeflectionassumesa stablevalue.

—.
& hardermaterialsless

ableto run-into conformin alinementwiththedeflectedshaft,misaline-
mentbecomesan importantproblem.

Someexperimentalandanalyticaldataon oilfilmpressuredistribu-
tionforcasesof misalinementhavebeenpublished.Du.Bois,Mabie,

.

andOcvirkin an earlierreporton thispro~ect(ref.1) presentedphoto-
graphsof fiveplastermodelsof experimentallymeasuredoil-filmpres-
suredistributionsshowingthatthe oilfilmpressuredistributionis
distortedandthepeakfilmpressureis considerablyincreasedwhenmis- d
aliningcouplesareappliedeitherin theplaneof theloador In a plane
normalto theload. .

WaltherandSassenfeld(ref.2) presentedan analyticalsolution
givingthefilmpressuredistributionfora misalinedbearing.Theyhave
employeda mathematicalmethodof differencesin satisfyingReymolds’
lubricationequationandpresentpressure-distributioncurvesof an
example.Theyreportthatthe computationsintheirsolutionarenot
difficultin principlebutaretroublesomeandtedious.

Studieshavebeenmadeby thisinvestigationto determinethe
practicabilityof obtainingan analyticalsolutionforthemlsalined
bearing.Unlesssimplifyingassumptionsaremade,any solutionof
Reynolds’differentialequationforthemisalinedcaseevidentlyrequire6
integrationsby numericalmethods,firstforpressuredistribution,and
subsequentlyforloadsandcouples.A functionforfilmthicknessis
requiredforjournalandbearingaxeswhicharenonparallelandnoninter-
sectingin thegeneralcaseof misalinement.Threeparametersareneces-
saryinthefilm-thicknessfunctionas contrastedwithoneparameter,the
eccentricityratio,forbearingswithoutmisalinement.Thethreeparam-
etersfornd.salimmentmaybe statedas theeccentricityratioat the
centerof thebearingandtwoorthogonalangulardisplacementsofthe
journalaxisrelativeto thebearingaxis. Thethreeparametersmay also
be takenas the eccentricityratiosat thetwoendsof thebearingand
an angulardisplacementbetweentheseeccentricityratios.If numerical
methodsareusedin performingthe integrations,thenumberof individual
casesdependinguponcombinationsof thethreeparametersmakesthework *

voluminous.Evenif resultswereobtainedfromthe integrations,,methods
of plottingtheseresultswouldbe complex. <
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In viewof thetheoreticaldifficulties,itwasfeltthata direct
experimentalapproachto obtaininginformationon misalinementwas desir-
able. Comprehensiveexperimentaldataweretakenand subsequentlyreduced
to chartshavingnondimensionalcoordinates.The chartspresentedinthe
followingsectionsof thisreportarethe resultof extensivecross
plotting.Manyintermediatestepswereof valuechieflyto indicatea
bettermethod. Introductionof severalvariableswhichmaybe saidto
havebeenexperimentallyor semiempiricallydeterminedratherthantheo-
reticallyderivedbecamenecessary.

Thisinvestigationwas conductedat Cornell
sponsorshipandwiththefitincialassistanceof
CommitteeforAeronautics.
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SYMBOLS

leverarmor offsetofmisalinedload.,

diametralbearingclearance,in.

clearanceratio

radial

couple

cm=

bearingclearance,Cd/2Jin.

Universityunderthe
theNationalAdvisory

in.

()()pN’ d 212 for ~<l.O (see S)capacitynumber,— —pcd~ d-

equivalentcapacitynumberdueto misalinement,
%HVr

bearingdiameter,in.

eccentricityforcentralloading,in.

eccentricityat centerof bearingformisalinement,in.

.—
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eccentricityat endof bearingformisalinement,in.

bearinglength,in.

length-diameterratio

%P_S Cnloadratio, — = —
P se c

‘e

‘e-nmisalinedattitude,—
1 -n

misaligningcouple,in-lb

axialmisaligningcouple,in-lb

axialcoupleratio, Pa=a= Percentmisalinement
P1 1 100

twi6ting

twisting

misaligningcouple,in-lb

coupleratio

eccentricityratioor

eccentricityratioat

eccentricityratioat

journalspeed,rpm

journalspeed,rps

attitudeforcentralloading,e/cr

bearingcenterformisalinement,ec/Cr

bearingendformisalinement,‘e/cr

appliedcentralunitbearingloadon projectedarea,lb/sqin.

capsulepressureof load,lb/sqin.

inletoilpressure,lb/sqin.

appliedcentralbearingload,lb

experimentaltotalrateof oilflowfor

experimentaltotalrateof oilflowfor

centralloading,lb/see

misalinement,lb/see

u

L.

.

w
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.

r bearingradius,in.

s
@,d2

()
Sommerfeldnumber,— —P cd for $Z1.O@ee CD)

se equivalentSomnerfeldnumberdueto misalinement,

()

@d2
—.
~P cd

T temperature,%

P oilviscosity, centipoisesreyns=
6.9 x 106

@ attitudeangle,deg

Subscripts:

c at bearingcenter

e at bearingend;equivalentwithvaluesof S and Cn

h horizontal

v vertical

NATumQFMEwmmmT

Discussion

An analyticalapproachto the characteristicsof misalinementmay
wellbeginwithan exp~titionof thedisplacementof the ~owmal axis
relativeto thebearingaxis. Figure1 showsthe geometricconfiguration
of theseaxesforthegeneralcase,inwhichtheaxesarenonparalleland
nonintersecting.It maybe seenfromfigure1 thatthe eccentricitye
anditsdirectionor attitudeangle @ arevariablealongthelengthof
thebearingaxis. In general,themidpointof the journalhas some
“central”eccentricityec andtheeccentricityat oneendof thebearing
is greaterthanthatat the otherendof thebearing.Themaximumeccen-
tricityat oneendof thejournalIs calledtheendeccentricityee and
is of specialinterestas it is indicativeof theminimumoilfilm
thictiess.

It was-foundexperimentallythatthe conditionshownin figure1
couldbe obtainedby eccentricloading,or by applyinga loadat the
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centerofthebearingplus
loadandthebearingaxis.
ehownin figure2.

If thelineof action
bearingcenter,theeffect

a coupleactingintheplanecontainingthe
Thiscoupleis calledan axialcoupleas

oftheloadis eccentric,or offsetfromthe
is analogousto a centralloadplusan axial

couple1 In practicean axialcoupl=mayoccurinthreewa~s: As the
load P timesan offset a, or as a moment M producedby coupleforces
shownin i%gure2, or as a resultof journalmisalinementas shown. In
theseexperimentsitwas convenientto applythecoupleM by a system
of weights,leverarms,andmall cablesoverpulleys,leavingthemachine
adjustedsothatthe loadfromthe loadingcapsuleandthe sphericalseat
passedaE nearlyas possiblethroughthebearingcenter.

Figure2 alsoshowsa twistingmisaligningcoupletendingto rotate
thebearingshellabouttheloadline. Thetwistingmisaligningcouple .

is appliedin a planenormalto thecentralloadline. Referringto the
planeoftheaxialcoupleandthenormalplaneof thetwistingcouple,
thethirdprincipalplaueisthatofbearingrotationandfrictiontorque
in whichthebearingis notsensitiveto misaligningcouples. v

Centraleccentricityratio.-Sincetheeccentricityandeccentricity
ratioarevariablealongthebearingaxis,the subscriptc isusedto
designatevaluesat thebearingcenter.

+
Thus nc istheeccentricity

ratio ‘c/cr at thebearingmidplane.

hd eccentricityratio.-The subscripte is usedto designatethe
eccentricityratioat theendofthe
n, called ne. Thisisthepointat
liccontactoccurs.

bearinghavingthemaximum
whichtheclosestapproach

valueof
to metal-

MethodofApproach

As indicatedinthefollowingparagraphs,theapproachto themls-
alinementproblemtakenby thisinvestigationis thatjournaldisplace-
mentsby m.isalinementmaybe relatedto the displacementsby central
loads. In thiswaymisaligningcouplesarecomparedwithequivalentcen-
tralloadswhichwouldgiveeccentricitiesequivalentto theendeccen-
tricitiesactuallyobtained.

Thecurvedlinein figure3(a)representstheexperimentaldata
fromfigure4 showingthedisplacementof a joumml in a bearingwhen
acteduponby a centralloadwithoutmisaltiement.Theeccentricity
ratio n isplottedas a functionof eithertheSomnerfeldnumber S
forvaluesof 2/d~ 1 or thecapacitynumber Cn forvaluesof
Z/d$ 1:

—
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2

-()
S= @’d for l/d>1.0p~’

7

(1)

(2)

Referringto figure3(a),a typicalcaseof centralloadwithout
misali.nementmightbe representedas poiut a withan eccentricity’n
anda capacitynumber Cn.

Whena misaligningcoupleis appliedandmisalinementoccursthe
eccentricityratioat oneendof thebearing ne wouldbecomelarger
than n, as representedby point b directlyover a. The capacitynum-
ber C!nis unchangedsinceit is computedon unit(central)bearingload
whichis unchanged,a6smingthetemperature,viscosity,speed,and so
forthareheldconstant.

Themethodof attackusedinthisinvestigationis to modifythe
loadterminthe Somnerfeldnumberor the capacitynumberby a factor ~
sothatthepoint b wouldfallon the establishedcurveat point c.
Thusthe “equivalent”Smmnerfeldor capacitynumberforeccentricor mis-
alinedloadingis

Iaadratio.-’The factor ~ is calledtheloadratio:

(3)

(4)

(5) __

The loadratiois representedin figures(a)as theabscissaofthe
point b, or Cnldividedby theabscissaof point c on the curve,or

c+ “ The loadratiois alwaysgreaterthanone. In equation(4)note
thatsincetheunitload p is in thedenominator,the Cn termis
inverted;thatis, Cn is greaterthan C&.
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Meaningof loadratio.-The relativelylargenumericalmagnitudeof w

the loadratioresultsfromconsiderationof themeaningof thepoints a,
b, and c in figure>(a). Point a representsa lightloadwithoutmis- ~
.alinement.Point b showstheeffecton eccentricityat oneendof the
bearingof applyinga misaligningcouple.Point c on the otherhand
representsan “equivalent”centralloadwithoutmisalinement,wherethe
eccentricityof c occursallthewayacrossthebearingratherthanat
oneendonly. Thehad forpoint c is naturallyseveraltimesthe cen-
tralloadat a. A lightcentralloadplusa misaligningcoupleresults
in a reductionin oilfilmthicknessat oneendofthebearing,andthe
loadratio ~ representstheincreaseinthe centralloadthatwould
be requiredto producethe samereductionon oilfilmthicknessallthe
wayacrossthebearing.Point c hasbeentermedthe “equivalent”cen-
tralloadsinceit givesthe samemaximumeccentricityas point b does
by misalinement.

A simplervisualmeaningof loadratiois obtainedby simplyregarding
itas theratioof thetwovaluesof Cn in.figure3(a)as shownin
equation(5).

Misalinedattitude.-Whilemisalineddisplacementis of an angular
“

nature,thevalueoftheminimumoilfilmthicknessat the endofthe
bearing,or endeccentricityratio ne,is of greaterinterest.An “
angularvaluewoulddependon the 2/d ratiosincetheangleis affected
by thebearinglength.A fundamentalmeasureis desiredwhichwillbe
zerowhenno angularmisalinemen$existsandwhichwillapproach1.0when
the journalapproachesmetalliccontactat oneendof thebearing.The
measurechosenshouldbearthe ssmerelationto themisalinedcasethat
the eccentricityratio n doesto the centralloadcase. Thisresult
is givenby thefollowingratio:

~=yn
-n

(6)

Graphicalrepresentationof misalinedattitude.-Themisalinedatti-
tude ~ is alsorepresentedin figure3. Theverticaldistancefor
point a is n, andthatfor b is ne. The distancefrom a to b
is labeled(~ - n). The distancefrom
(l-n). Thus,themisalinedattitude
ab to the distancefrom a to thetop
as a ratiorepresentshowfarthepoint
toplinewhere n equals1.0.

a to thetop lineis labeled
~ istheratioof thedistance
line. Misalinedattitude~
b hasprogressedtowardthe

The relativegeometricalpositionof thebearingandthe journal
willdependnotonlyon themagnitudeof thecentralloadandthemis- .
aliningcouplesbutwillalsodependon theusualhydrodynamicvariables.

w
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In an experimentalprogramcoveringa numberof length-diameterratios
andclearances,thenumberof possiblecasesto be investigatedis-large.

. To limitthenumberof experimentsinthisinvestigation,datawere
obtainedgivingdisplacementsdueto misaligningcouplesappliedeither
intheplaneofthe centralloadas axialcouples,or in theplanenor-
malto theloadlineas twistingcouples.Combinationsofthetwoappear
to be of lesspracticalimportanceand so farhavenotbeenincludedin
thisinvestigation.

Fromthe curveof n againstS or n against Cn forcentral
loadingas in figure3, a familyof curvesmaybe constructedshowing
therelationshipof ~, %) and S or ~ne For a givenvalueof S
or Cnjthe correspondingvalueof n is lmownfromthe curve. Then
forarbitraryvaluesof ne andcorrespondingvaluesof Se or c%
both ~ and ~ maybe calculatedfromeqgations(6)and (5).

The curvedlinein figure3 is obtainedfromreference3 andfigure4
whichpresentsexperimentaldataforcentrallyloadedbearingsof len@h-

. 1 1, and3/4.diameterratios2, lZ, As shownin figureJ(a)the experi-

mentalvaluesof eccentricityratiofallcloselyon a singlelineforall
lergth-dismeterratiosiftheabscissais S forthe longbearings
(z/d> 1.0)and Cn forthe shortbearings(Z/dS 1.0). Figures4(b)
and4(c)showthe samedatabut showthelong-and short-bearingdata
separately.Experimentalcurvesareshowndrawnthroughthe experimental
data,andtheanalyticalshort-bearingcurveof reference3 is alsoshown
forcomparison.

Onthebasisof the experimentalcurvesin figuresk(b)and4(c)
misalinementcurvesof ~ against S and ~ against Cn werecon-
structedwithloadratio ~ as a parameterin figures~(a)and>(b).
Calculationweremadeusingequations(5)and (6). The shapeof the
misalinementcurvesdependse~tirelyuponthe shapeof the curvefor cen-
tralloading.Onthebasisof theanalyticalshort-bearingcurvefig-
ures5(a)and>(b)wouldbe the same. However,it is conservativeto
usethe e~erimentalcurvesof figuresl+(b)and4(c)especiallyin the
regionof highcentralloadswhere S and Cn arelow.

The curvesof figures>(a)and>(b)indicatethatfora givencen-
tralload,as givenby S or Cn)themisalinedattitude~ increases
withloadratio ~. Forthelimitingconditionof metalliccontact
(ma= 1.0),the loadratiobecomesgreateras the centralloadbecomes
smaller.Thesecurvesshowtherelationbetween
~ andthe loadratio ~, butlackinformation

-. aliningcouplesrequired.

w

themisalinedattitude
in regardto themis-
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An etiensivetestprogramwasrequiredto relatethe appliedcouples d
to loadratioandmisalinedattitude.Sincethe sizeof thecoupleseems
to be’mostcloselyrelatedto thebearingloadandthebearinglength,
thesetermswerecombinedin a nondimensionalformas givenbelow.

w

Coupleratio.-In theseexperimentsthemisaligningcoupleswere
appliedas a puremomenton thebearingin inch-pounds,designatedas
M. In orderto obtaina nondimensionalquantity,thebearingload P
andbearinglength 1 are introduced:

Coupleratio= ~ (7)

As alreadymentioned,an axialcouple ~ is analogousto offsetting
thebearingloadfromthe centerof thebearingby a distancea:

~=Pa

Maa=—
P

An axialcoupleratiohasa visualmeaningas follows:

(8)

M
Coupleratio= ~ = ‘& = ~ = Percentmisalinement

100 (9)

Thusan axialcoupleratioof 0.5or 50-percentmi.salinementindi-
cates a is one-halfof 1 andis analogousto havingthe lineof
actionof the loadpassthroughoneendofthebearing.Beyondthis
pointthebearingoilfilmpressureapparentlybecomesnegativeat the
oppositeendofthebearingandthe journaltendsto tiltacrossthe
clearance.A similarsituationoccurswhenthecentralloadis zero,
anda misaligningcoupleis applied.To expeditethisprogram,these
conditionshavebeenconsideredas a separatecasenotincludedinthis
program.

Thephotographsof plastermodelsshowingdistortionof the oil
filmpressuredistributionfora caseofmisalinement,givenin refer-
ence1, wereobtainedusing“16-percentmisalinement.”Thus)16 percent
is a coupleratioof 0.16or a/Z= 1/6. One-sixthof thedistancefrom
thebearingcenteris (0.50- 0.16)z or 0.342,andfortheplaster

modelsthe loadmaybe consideredas appliedat a one-thirdpointon t.

Couplevariable.-In an attemptto’makethecoupleindependentof
Z/d and d/Cd,additionalcouplevariables~ areintroduced:

.

.
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. c-m=*(:--’2(2’2for ,,.,, (lo)

(n)

The couplevariablesinthenondimensionalformsshownin equa-
tions(10)and (lIL)weredeterminedby trial-and-errormethodsinthe
searchfora variablewhichwouldcollectexperimentaldataas a function
of loadratioas showninfigures6(a)to 6(d). Fourexperimentalcurves
of ~ versus LR areshownseparatelyforlongand shortbearingsand
foraxialandtwistingmisalinement.

By combiningthe experimentaldataof figures6(a)to 6(d)tiththe
misalinementcurvesof figures~(a)and5(b),loadratiomaybe eliminated,
givingthefourmisalinementcurvesof fi~es 7(a)to 7(d).

The curvesof figures7(a)to 7(d)showtherelationshipof mis-
aligningcouples,centralload,andmisalinedattitudein nondtiensional
form. Itmaybe seenthatloadratiohasbeenemployedas a parametric
devicein orderto formulatea methodof approachto themisalinement
problem.The discussionand interpretationof the experimentaldataare
giveni.nthefollowingsectionsof thisreport.

APPARATUS

Thebearing-testingmachineusedinthemisalinementexperimentsis
the sameas thatdescribedin reference3. A photographof themachine
appearsin figure8. Themannerin whichthetestelementsweresup-
portedandloadedis shownin figures9, 10,and11. FigureI_2shows
themechanicalsystemformeasuringjournaldisplacements,ad figure13
givesthelocationsofthethermocouplesusedto determinebearing
temperatures.

TestBearingandJournals

A singlebronzebearingandfivesteelshaftsof 1~-inchnominal

diameterwereusedinthe configurationshownin figure”9.Eachof the
shaftsrepresenteda givenlength-dimeterratioanda givenclearance
as listedonthefollowingpage:
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Shaft

6A

6B

6C

6D

6E

Averagediametralclearance,
1/a cd,in.

2 0.00252

2 .00376

.00196

1 .00183

f .cm258

Clearanceratio,
~, in./in.

0.00183

.CQ273

.(x)142

.00133

.00187

Thesetestelementswerealsousedin theexperimentswithcentral
loadingas shownin figure4. SAE10 oilwasusedas thetestlubricant
amdwasfedto theteatbesringat a pressureof 80 poundsper square .
inchthrougha l/8-inch-diameteroilholelocatd oppositethecentral.
load. Theoilwaspreheatedto 140°F ne=—thepmp althoughthemeas-
uredtemperatureof theoilenteringthebesringwaslessbecauseof
heatlossesin theoillines.

Thetestshaftsweredrivenby a high-speed,direct-current,variable-
speedaircraftmotor,havinga speedrangeof 1,002to 10,000rpm.

IoadingApparatus

As shownin figure10,the centralloadwasappliedhydraulicallyby
a pressurecapsuleandwastransmittedto thebearingthrougha piston
andan oil-pressurizedsphericalseat. The oilflowthroughthe spherical
seatfloatsthebearinggivingit freedomt_odisplaceontheapplication
of centralloadandmisaligningcouples.Figure10 alsoshowsthemethod

—

of applyingaxialandtwistingmisaligningcouples.Combinationsof 1/2-,
1-,and2-poundweightswereusedto transmitforcethroughlightsteel
cablesto tubularmemberspro~ectingfromthebearingas shown.Thepul-
leysshownwereballbearingmountedto minimizefrictionalresistancein
the system.To restraintheaxialmovementof thetestbearingon the
shaftwithoutrestrainingangularmovements,self-ali.ningball-besring
linksanda gimbalringwereusedas shownin figure11. The linksand
gimbalringprovidethenecessaryaxialresistingforceon application
ofthemisaligningweightssuchthata puyemisaligningcoupleactson the
bearingas shown.

.
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The coordinatedisplacementsofthe journalendsrelativeto the
beari@ weremeasuredlythemechanicalarrangementin figure12 inwhich
horizontalandverticalmotionsweretransmittedby bronzeriderson
leversthroughverticalrodsto fourO.0~1-inchdialindicators.This
isthe ssmesystemreportedin reference3 exceptthatthe leverswere
modifiedto givea 2-to-1magnificationof theactualdisplacementsto
improvetheaccuracyin readingthe dials.A duplicatesetof rodsis
usedfortempemturecompensation.

Iron-constantanthermocoupleswereusedto measurebearingtempera-
twes at 14 locationsinthebearinghubwithin1/16inchofthebearing
surfaceas shownin figure13. Thermocouple9 gavethebearing-hubtem-
peratureat a point2 inchesfromtheoilfilm,andthermocouple16 was
usedto determinethetemperatureofthe incomingoilat theoilinlet
to thetestbearing.

As shownin figure10,a drainholeinthebottomof themachine
housingallowedthe oilflowingfromthetestbearingto be collectedin
a panwhichcouldbe removedforweighing.Alsoshownarethe slinger
ringsandbaffleswhichpreventedthemixingofthetest-bearingoilwith
the oilfromthe supportbearingsandthe spherical.seat.

TE91’PROCEDURE

For eachof thefivetestshaftsa seriesof displacementexperiments
wereconductedat a numberof speedsandwithcombinationsof centralload
andeitheraxialmisaligningcouplesor twistingmisalintngcouples.only
a fewexperimentswere@e to determineoilflowcharacteristicsbecause
itwasearlydiscoveredthatmisalinementhada negligiblysmalleffect
on oilflowrate.

CmissionofFrictionTests

Althou@ friction-measuringapparatusis incorporatedinthetest
machine(ref.3),no frictiondataweretakeninthisseriesofmisalined
testsbecauseno acceptablemethodwas devisedforapplyingmisaligning
coupleswithoutsmallcomponentsof thecoupleaffectingthe friction
torquemeasurements.Frommanyattemptedfrictiontestsmadeearlyinthe
program,it wasfoundthatthepullonthemisaligningwiresresultedin a
smalltorquecomponentintheplaneof thefrictiontorquewhichwas of
the orderof magnitudeof thefrictiontorque.Thus,the frictiondata
undermisalinementwereerraticandfailedtorepeatsatisfactorily.By
shiftingthe journalaxiallywithrespectto thebearing,it is possible
to obtaina combinationof centralloadandaxialmisalinementwhich.
wouldnothavean extraneouseffecton thefrictionmeasurement;however,

w
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forthelongbearings,thebearingmachinepermdtsa shaftmovementof
only1/16incheithersideofbearingcenterwhichis insufficientfor
an acceptablemagnitudeofmisaligningcouple.

MisalinementDisplacementExperiments

Variationsin displacementwereobtainedbyvaryingthemisaligning
coupleandholdingthecentralloadconstantat constantspeedandcon-
stantinletoilpressure.It wasfoundthatby operatingunderthese
conditionsthevariationsinbearingtemperatureweresmall.A nearly
constanttemperatureof theapparatusat thermalequilibriumassureda
minimumthermaleffectinthemeasurements.Priorto takingdatathe
testelementsandthemeasuringapparatuswerebroughtto equilibrium
temperatureby runningat constantspeedandcentralloadfora period
of 20to 30minutes.

.

.

.

At theendof thewarm-upperiod,the centralloadandthe inletoil
pressurewerereducedto zerosothatthe indicatordialacouldbe setto
a datumpositionrepresentingzerodisplacementofthe journalrelative
to thebearing.The centralloadandinletoilpressurewerethenapplied

.

andheldconstant.Displacementdataas readfromthefourdialswere
thenrecordedforvariousincrementsof axialmisalinementcouples.The .
misaligningloadwasincreasedin k to 8 incrementsandthendecreasedin
the ssmeincrementsto permitaveragingof data. To allowfurtheraveraging
of data,the sameincrementsof axialmisaligningweightswerethenapplied
onthe “left”endofthebearingifthefirstsetofweightshadbeenon
the “right.”As showninthe samplelogsheetof tableI, thefollowing
datawererecorded:Journaldisplacements,capsulepressureof central
load,misaligningweights,bearingtemperaturesat criticallocations,
inletoilpressure,speed,directionof rotation,time,inletoiltempera-
ture,roomtemperature,andoiltemperatureaftertheheater.The ssme
procedurewasfollowedfortheoppositedirectionof rotationsothatthe
datacouldbe averagedforthetwo rotations.

Axialmisalinementexperimentswerethenrepeatedat the sanespeed
andoilpressureat increasedcentralloads.Furtherexperimentswere
madeat the samespeedandoilpressureto obtaindatafortwistingmis-
alinementsat the sameconditionsof centralloadas intheaxial.misaline-
mentruns. Constant-speedrunsat approximately1,200,2,500,and>,000rpm
wereconductedforeachof thefivetestshaftsto determinetheeffectsof
Z/d andclearanceon bearingmisalinementcharacteristics.

Foralltestsa constantinletoilpressureof 80 poundsper square
inchat 140°F (attheheater)wasused. Themaximumappliedcentral
loadin thetestswas1,290poundsforshaft6A,andthemaxfiumunit
centralloadon projectedareawas600poundspersquareinchon shaft6D. .
Themaximumvalueofmisaligningcoupleappliedwas 287.5 inch-pounds(on
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● shaft6A)obtainedby applyingthemaximummisalidngweightof 20 pounds.
In theaxialmisaligningexperimentsthemomentarmof thecouplewas

1~ tithes,andin thetwistingmisaligningexpertients,145
4

inches.Maxim-

um bearingtemperaturerecordedwas179 F at 5,030rpn.

OilFlowMeasurements

A fewoil-flow-rateexperimentswereconducteduuderconditionsof
axialandtwistingmisaltiementusingshafts6A and6c,at valuesof
l/d of 2 and1.5. At eachmisaligningload,aftertheoilflowreached
thesteadystate,theflowratewasmeasuredby collectingtheoil in a
panforperiodsof 1 to 2 minutesandrecordingthenetweightof oil.
Severalcentralloadswereapplied.Thechiefvariableaffectingtheoil
flowratewasthecentralload,
coupleswasnegligiblysmallby

andtheeffectof applyingmisaligning
comparison.

RESULTS

Themajorresultsof thisinvestigationaresmmuarizedin thecurves
shownin figures7(a)to 7(d)inwhichthecouplevariableis plotted
versusthe%mnerfeldor capacitynumberforcentralloadwithmisalined
attitudeas a parameter.Thesechartsarein theformof designcharts
to determinetherelationbetweenthecoupleandthemisalinedattitude
of a bearinghavinga centralload. Figures6(a)to 6(d)showtheexperi-
mentaldatagivingthecouplevariableas a functionof loadratio;these
data,whencombinedwiththecurvesof figures5(a)and5(b),eliminate
loadratioandpermittheplottingof thedesignchartsof figures~(a)
to 7(d).

Figureslk(a)to 14(d)presentexpertientaldataof couplevariable
versusloadratiofortheindividualbearingsof shafts6A,6B,6C,
and6D,eachrepresentinga given Z/d and d/Cd. Thesefourfigures
havebeencombinedin figure6(a)to givetheaxialmisalinimgcharacter-
isticsof longbearings(2/d> 1.0)as a functionof loadratio. similar
individualexperimentalchartswereusedto obtainthesumnarycurvesOr
figures6(b),6(c),and6(d)butonlythesmmary curvesarepresented.

To showgraphicallythersmgeof theexperimentalpro~am inregard
tomagnitudesofmisalinedattitude~, loadratio ~, andSommerfeld
number S or capacitynumber Cn,the12 setsof curvesin figures15(a)
to 15(1)arepresented.Thefirstsixfigures,figures15(a)to 15(f),
showtherangeof ~, LR,~d S or Cn foreachof thefiveshafts

. in theaxial-misalinementexperiments;similarcurvesareshownforthe
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experimentsin thesecondsetof sixfigures,fig-
.

AE maybe seen,maximmnvaluesof ma of 1.0were
loadratioattainedwas in theneighborhoodof 10, .

andtherangeof Sommerfeldor capacitynumberswas froma minimumof
0.045to amaxirmaof 0.45. Misalinementdatawithzerocentralload
cannotbe plottedin thesechartsbecausetheloadratiois infinitefor
allvaluesof ma. As alreadymentioned,zerocentralloadhasbeencon-
sidereda separatecasein orderto expeditethetestprogram.

Polardiagremsarepresentedin figures16(a)to 16(d)to showpic-
toriallytheeccentricityratiosat thetwoendsof thebearingas mis-
aligningcouplesareapplied.Theyshowalsotheeffectof thecentral
loadon theendeccentricityratios.Curves-forshafts6A (l/d= 2)
and6D (l/d= 1.0)onlyareshown,twosetsof curvesforaxialmisaline-
mentandtwosetsfortwistingmisalinement.

Curvesof oilflowrateas a functionof misalinementaregivenin
figures17(a)and17(b). Thecurvesshowtheratioof ~/Q whichis
theoilflowratewitha misalinementcoupleandcentralloaddividedby
thatforcentralloadalone. Axialmisalinementtendsto decreaseoil
flowslightly,whereastwistingmisalinementslightlyincreasesit.

Calculationsof theseveralnondimensionalquantitiesareshownin
thesemplecalculationsheet,table11. Thenecessarydataforthe cal.-
culationaaregivenin thesamplelogsheetof tableI.

Phenomenaat ZeroCentralLoad

A numberofmisalinedexperimentswereconductedat zerocentral
loadobtainedby counteractingtheeffectof gravityon theparts. These
experiments,andothersat verylightcentralloads,wereunsatisfactory
becauseofwhatappearedto be twopossiblevaluesof displacementfora
givencouple.On applicationof thecouple,an apparentlystabledis-
placementwas noted;however,withtheelapseof severalminutesof time,
thedisplacementsuddenlychangedto a highervalue. In central-load
experimentswithoutmisalinement(ref.3),similarinstabilitieswere
encounteredwithverylightloads.Withmisalinement,itwas again
noticeablethatinletoilpressureinfluenceddisplacementsat lightly
loadedconditions.By usinginletoilpressuresof 20,40,and80 pounds
per squareinchin themisalinementexperimentsat zerocentralload,it
was found,thatthebearingwas “stiffer”againstmisalinementas theoil
pressurewas increased;thatis,themisaligningdisplacementsweresmaller.
However,higheroilpressuresdidnote~nate thedoubledisplacements
althoughthedifferencebetweenthehighandlowvalueswas reduced
somewhat.

.

.

.

.

.
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s
MisalinedAttitude

In orderto determinethemisalinedattitude~ fromequation(6),
itwasnecessaryto calculate* and n fromthemeasureddisplace-
ments. Coordinateverticalandhorizontaldisplacementsof theshaft
weremeasuredat theriderswhicharelocatedbeyondtheendsof the
bearingl+ inchto theleftandto therightof thecenterlineof the

bearinga~bshownin figure9.

A typicalsetof displacementdatafora misalinementrunis shown
in tableI. Eightobservationsof a coordinatedisplacementwereaveraged
to determinethemeanvalueof thedisplacementfora givencouple.For
example,fora givenmisaligningweightplacedat the “right”as shownin
figure10,themaximumvertical.tisplaceme~tis at theleftendof the
besring.Fortheleftend,twoverticaldisplacementvaluesweretaken
as themisalinementloadwas increasedandthendecreased.Forthesame
mi.saliningweightplacedat the “left,”thetwoup anddownobservations
werereadat therightend. Fourmoresh.dhr observationsweremadefor
theoppositedirectionof rotationof thejournal.Alleightobservations.
werethenaverageddirectlyto @eld a meanvalueof verticaldisplace-
ment. A similarvaluewas obtainedforthehorizontaldisplacement,thus
arrivingat thecoordinatesof theUsplacementat theridersat oneend
of thebearingfora givenmisaligningcouple.For thesanecouple,the
coordinatesof theUsplacementat theotherendof thebearingwerealso
determinedin a similarmanner.

Corrections,datumpaiDt.-Theslightdisplacementsat zeroload
andzeroinletoilpressure,at whichit wasassmnedthatthejo&nal
andbearingaxeswerecoincident,wereaveragedand subtractedfromthe
averagedvaluesof displacementundermisalinement.Alldisplacement
valueswerethenhalvedbecauseof the2-to-1multiplicationof the
measuringsystem.

Correctionsforslope.-Thedisplacementsdiscussedaboveareat the
ridersratherthanat theendsof thebearingas shownin figure18.
Wcause of theinclinedattitudeof thejournalrelativeto thebearing
axis,it waBnecessarytomakea correctionforslopeto determinethe
eccentricitiesat theeudboundariesof thebearing.Similartriangles
areusedinmakingthecorrection,and,to simplifycalculations,these
correctionsforslopeweremadegraphically.Dth horizontalandverti-
calendeccentricitieswerecorrectedin thismanner.

Deflectioncorrections.-Anothercorrectionwasmadeto accountfor
thedeflectionof theshaftby thecentralload. AS shownin figure18,
theshaftaxiswasassumedto be bentby thecentralloadin a symmetrical

. parabolicshapelyingin theverticalplane. &nding by themisaligning
couplewas assumednegligiblysmallcomparedwiththecentral-load
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shaftbendingdeflectionwerebased
●

loadoverthelengthof thebearing
theslightlysteppedshaft. Since .

theexperimentalshaftwasbent, correctionsfordeflectionweremade
to givetheverticalendeccentricitieseev of a straightjOUrnalas
shownin figure18. By simulatingthedisplacementof a straightjournal
in thismanner,thedatapresentedareintendedto representcharacter-
isticsof an idealstraightjounal andbearingto facilitateapplication
of theMer’s actualdeflection.By comparisonto thecentroi.dof a
fourth-degreeparabola,theaxisof thestraightjournalis locatedbelow
theapexof theparaboliccurveby one-fifthof theheightof thedeflec-
tioncurvewithinthebearinglengthas shownin figure18. No deflec-
tioncorrectionsweremadein determininghorizontalendeccentricities
becausethecentralloadactsin thevertical.plane,otherdeflections
beingnegligible.

In determiningtheeccentricitye fortheconditionof zeromis-
alinementwithcentralload,correctionswerenuadefordeflectionbut
thoseforslopewereaccomplishedby averaging.Themeasureddisplace-
mentsat thetwoendsinvariablyshoweda slight,slopeindicatingthe
existenceof a smallmisaligningcoupledueto an unavoidableremaining
eccentricityof thecentralload. By averagingthedisplacementsof
bothends,an averageeccentricityof thejournalundercentralloadwas
determined.Anytaremisal.inementpre~entin themfsalinementdatais
greatlyminimized,if noteliminated,by averagingrightandleftmis-
alinementdisplacementsas discussedin an earlierparagraph.

Bearing clearsaceat runningtemperature.- Thebearingclearance
forrunningconditionswas determinedby subtractingthechangein clesr-
ancegivenin figure19 fromtheclearanceat roomtemperature.The
curve of figure19 representsthecalculatedchangein clearancecaused
by differentialthermalexpansionofbearingandjournalae a function
of thetemperaturegradientin thebearinghousing.Thermocouple4 and
thermocouple9 were1/.16inchand2 inches,respectively,fromthebe~i~
surfacegivingtemperaturesT~ and Tq whichareindicativeof the
temperaturegradientin thebearingwal~. Theslopeof thecurveindi-
catesa changein diametralclearanceof 0.00C-01inchper‘F of thetem-
peraturedifference(T4- T9).

Thisslopeis approximatelyone-thirdof theslopeof thecurveused
in an earlierreportof thisinvestigation(ref.3). Additionalstudy
indicatesthattheearlierslopeshouldtheoreticallybe smallerand
wouldslightlyreducethespreadof theearlierdata. Thedifferential
emansionproblemhasbeenre-evaluatedanalyticallyafterTimoshenko
(ref.4). Thelargerslopeobtainedby theearlierexperimental“seizure”
methodmaybe explainedby thepossibilitythattheexperimentcurvedoes
notallowforthethermalandelasticstressessetup in theinstant
beforeseizure.

.
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. Coordinatesof displacement.-For theconditionof zeromisalinement
withcentralload,theeccentricityratio n was deteminedfrom

.

(w)

wherethesubscriptsv and h indicatetheverticalandhorizontal
componentsof theeccentricitye -d theeccentricityratio n. The
radicalclearanceat runningconditionsis Cr”

Formisalinementconditions,theeccentricityratios ~ at the
endsof thebearingweredeterminedfrom.

eev
nev=y I (13)

Althoughtheendeccentricityratioswerecalculatedforbothends
of thebearing,theimportantvalueof thekwoin determiningmisalined
attitude~ was themaximnmvalueof eccentricityat oneendof the
bearing.

Misalinedattitude~ was determinedfromequation(6). llxperi-
mentalvaluesof ~ as determinedaboveareshownin figures15(a)
to 15(2). As a fumctionof loadratioand S or Cn,experimentaldata
of n and ~ (forbothends)areshownas a functionof attitude
emgle @ in figures16(a)to 16(d).
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ScmmerfeldNumberandCapacityNumber
.

Determinationsof SomerfeldnuniberS andcapacitynumber Cn .
arebasedon theunitvalue p of theappliedcentralloadandarenot
dependentuponmisalinement.Foranygivenexperimentalrun,thebearing
variablesgroupedin S or Cn as givenin equation(1)wereconstant
as differentmisaligningcoupleswereapplied.Oilfilmviscosityp and
thediametralClearsmcecd aretakenas constantin a givenrun&cause
of therelativelysmalltemperaturevariation.As shownin thesample
logsheetof tableI,misaligningcouplescausedonlya smallchemgein
temperatureso thataveragevaluesof T4 and T9 fortherunwereused
in determiningK and cd. ViscosityvaluesfortheSAE10 oilwere
takenfromthecurveof figure20. Theunitcentralload p on projected
areawas determinedfrom p = P/2d,andthetotalcentralload P applied
by thepistonwas calculatedfrom P = 5.0(pc- 32.5) where PC is the
capsulepressureactingon thepistonareaof 5.0squareinches,and
12.5poundsper squareinchrepresentsthetareweightof thebearing
andtheapparatusattachedto thebearinghousing.Theloadpistonwas
srrangedto provideeitherof twoareasof 15 or 5 squareinches. .

LuadRatio

Loadratio LR was calculatedfrcmequation(5)as theratio S/Se
or Cn/C~ inwkd.chSe and C% aretheequivalentSommerfeldand
capacitynumbersrelatedto pointc in figure3(a). Valuesof Se were
takenfromtheexperimentalcurveof central-loadeccentricityratioof
figure!(b)forlongbearingsof Z/d> 1.0. Fora givenmisalining
couple,thelargervalueof ~ of thetwoendsof thebearingwasused
to determineSe. In thisway, ~ is regardedas theeccentricity
ratio n of a bearingwithan increasedequivalentcentralloadat a
correspondinglydecreasedSommerfeldnumber.Theloadratiothenis the
ratioof thetwoSommerfeldnumbersor thetwocentralloads. At zero
misalinementtheloadratiois 1.0andforincreasingmisalinementthe
loadratioincreasesandis alwaysgreatertk 1.0. Forshortbearings
of l/dS 1.0,theexperimentalcurveof 4(c)was usedto determineload
ratio.

CoupleVariable

Thenondimensionalgroupingof numbersincludingthemisaligning
coupleM appearsin twoforms,oneofwhichappliesto longbearings
(l/d> 1.0)andtheother,to shortbearings(Z/d~ 1.0):
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~ = &-(#2($/2forlongbearings (lo)

Here ~ is the couplevariableand M is themisaligningcouple
calledMa foraxialmi.salinementand Mt fortwistingmisalinement.
Theexperimentalvaluesof ~ weredeterminedby multiplyingthemis-

alinementweightin poundsby themomentarmof l@ inches;for Mt
4

the

momentarmwas1~ inches.
;

Couplevariableappearsas a functionof loadratioin thefoursum-
marycurvesof figure6 andin thecurvesof figure14 fortheindividual
shafts. Couplevariableappearsalsoin thedesignchartsof figure7 in
whichloadratiois eliminated.

ANALYSISANDDISCUSSION

Methodof Attack

Referringto figure5(a),it csmbe seenthatfora givencurvefor
thecentral-loadcase(fig.4) a crossplotcanbe setup showingthe
relationbetweenarbitraryvaluesofmisalinedattitude~ andthecor-
respondingvaluesof loadratio LR as shownin figure5. It remined
to finda curveshowingtherelationbetweentheloadratio LR andthe
couplevariableby experimentaltests. Afterthiscurvebecameavailable
a chartwas setup showingtherelationbetweenmisalinedattitudeand
thecouplevariabledirectly,thuseliminatingtheloadratio.

Thismethodof attackhastheadvantageofmakingavailablethe
informationmostneeded,thatis,theeffecton oilfilmthicknessor
maximwneccentricityat theendof thebearing,cuttingthroughthe intri-
caciesof coordinatelocationshownin figure3(b)andfigure16. C!urveS
arepresentedwhichshowtheserelationsfor sevezalcasesof 2/d ratio
forbothaxialandtwistingmisaligningcouples.
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NearlyMotionlessPivotPoint
●

ThepolarMagrsmsof figure16 indicatethatthecentraleccen-
tricity~ of thebearingwithmisalinementremainsverynearlyat the
valueof n forcentralloading.At lightcentralloads,thecentral
eccentricitytendsto showtiegreatestchangein position.Figure21
showsthechangein positionof thecentraleccentricityfora typical
lightlyloadedcase. It is interestingto notethatthechangeinposi-
tionis a changein attitudeanglewithalmostno changein eccentricity.
l?orpracticalpurposes,itmaybe concludedthat nc = n representsa
pointin thecentralplaneof thebearingaboutwhichthejournalsxis
pivots. Thisphenomenonis usefulin determirdngtheangulsrlimitsfor
misalinement.

Effectof An@_ar Misalinementon EesringEccentricity

Theconceptof themotionlesspivotpointfacilitatescalculating
theeffectof theangularmisalinementandshaftdeflectionon a bearing.
If theslopeof thedeflectioncurveis calculated,itmaybe assumed
thatthelocationof thecenterof themisalinedjournalis givenby the
eccentricityratio n forcentralloading.The shaftdeflectionin the
halfbearinglengthin theformof e/Cr canbe addedvectoriallyto the
centraleccentricityratioto obtaintheeccentricityratioat thebearing
end ~. At highvaluesof nc,where ~ is nearlyparallelto the
load,littleerrorresultsif e/cr is addeddirectlyto nc.

Effectof a CoupleonMisaltiedAttitude

Anotherusefulformof theexperkntal dataof thisinvestigation
appearsin thefourcurvesof figure7 inwhichthemisalinedattitude~
maybe usedas a Mni.tingcriterionto determinethecouplecapacityof a
misalinedbearingacteduponby a centralload. A misalinedattitude
~ = 1.0 is the limitat whichcontactof thebearingsUfaCeSoccursat
thebearingend. A factorof safetyis neededto limittheallowable
valueof ~ at a reasonablevaluelessthan1.0.

Fora givenmisalinementattitude,the couple variable~ permits
thedeterminationof thecouplein termsof thecentral.load.

Fortheextremeconditionwherethecentralloadis greatenough
for n to approachone,theallowablecoupleis zero.

Thecurvesof figure7 do notby testdataembracetheopposite
extremeof zerocentralloadwhere S, C!n,and Cm areinfinite. ,
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9 However,as willbe shownlater,thecurvesshowthatthecouplepasses
througha maximmnvalueandis fallingas theloadreduceefurther.

.

Effectox a Coupleon LoadRatio

Theneaningof figures6(a)and6(c) canbe illustrated-bestby an
exsmple.Assuminga bearingwitha length-diameterratioof 1 anda
clearance-diameterratioof 0.@25, thevslueof thecouplevariable
thenbecomes

~=~1 1/2

()

1/2 ~
m (1) —

pz o.m25 (1)2

- ‘a(4m)U2
P2

. . %(20)
P2

If a valueof Ma/PZ= a/Z= 10 percent is assmed,thecouplevariable
hasa valueof 0.10(20)= 2, givinga valueof loadratioof 2.2on
both6(a)and6(c). Thismeansthatforthisexample10-percenttis-
alinementreducestheoilfilmthicknesslocallyat oneendto a value
givenon figurek(a)by multiplyingthecentralioadby 2.2.

If a valueof 25-percentmisalineruentis used,thecouplevariable
is ,25 percentof 20 or 5, gitinga loadratioon 6(a)of 5.8for10ng
bearingsmd on 6(c)of 8.5forshortbearings.Apparently25 percent
is approachinga practicallid.tof a/Z.

Theloadratio LR is thevariablewhichappearstobe basically
a functionof thecouplevariable~ as shownin thefourcurvesof
figure6. Theformof thecouplevariableas shownwas determined
empiricallyby trial-and-errorprocesses.Dividingthemisaligning
coupleM by theload P andthebearinglength Z was thefirststep
usedto determinea nondimensionalform: M/PZ. In thecaseof axial
misalinement,M maybe regardedas thecouple Pa producedby sxldly
offsettingthecentralloada distancesuchthat M/PZ= a/Z. In the
caseof twistingmisalinement,theoffsetratiodoesnothavethesame
physicalmeaningas foraxialmisalinement.However,M/PZ maybe
acceptedas a nondimensionalformforbothcasesof misalinement.

Couplevariable.-Ey trial-and-errormethodstheterms (d/cd)l/2.
werefoundto drawcurvesof M/PZ againstLR together.Thiswas
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especiallyapparentforthelong-bearingexperimental.dataof shafts6A
and6Bhavingthesane Z/d but significantlydifferentclearances.

Also,itwas foundthattheterm (1/d)l/2is influentialin hating
togetherdataforshaftshavingdifferentvaluesof Z/d as in shafts6A,
6B,6c, ~d 6D.
andspeedon the

As shownin
couplevariable
centralloadhas

Studiesweqemadeto determinetheeffectsof tiscosity
couplevariable,butno basiceffectsseemedapparent.

figures6(a)and6(b)forlongbearings,thecurvesof
Cm againstloadratio LR showthata bearingwith
a greatercouplecapacityfortwistingmimlinementthan

foraxialmisalinement.A comparisonof thenumerical-valuesof ~ as
givenin tableIIIshowsthatthetwisting-couplecapacityis greater
thantheaxial-couplecapacityby a factorof approximately1.4,but no
reasonhasteenfoundthatwouldexplaina need.fora factorso near@.

In thecaseof shortbearingsas in figures6(c)and6(d)thecouple
variable~ is expressedin a somewhatdifferentformbecausethe
central-loadcapacityof shortbearingsis sensitiveto Z/d ratio. It
wasfoundthatby introducing(Z/d)2in thedenominatorof thecouple
variable,theexperimentaldataforshafts6D (l/d= 1.0)and6E
(t/d= 3/4)weredrawntogether.Thismaybe logicalsincethecouple
capacityof theshortbearingdepentiuponthecentral-load-carr~ng
capacitywhichincludesa shilar term. As shownin figure4, central-
loadcapacityof longbearingsis almostindependentof ~/d whereas
short-bearingcentralloadingdependsupon(Z/d)2.Axialandtwisting
valuesof ~ forshortbearingsin figures6(c)and6(d)arenotas
greatlydifferentas in thecaseof longbearings.A comparisonof
numericalvaluesae givenin tableIIIshowsthatthetwistingmisaligning

Jcapacityis greaterby a factorof about1.2,approxhnately4 2.

Thatthetwisting-couplevariableshouldbegreaterthantheaxial-
couplevariablemaybe logical.in thattheextentof theload-carying
oilfilmmaybe greater.As shownin theplastermodelsof reference1,
theload-carrflngfilmforcentralloadingis smallh angularextent.
Theinclinationof thejournalaxisby axialmisalinementcausesthe
pressuredistributionto shiftwithoutan appreciableincreasein the
extentof theworkingoilfilm. In thecaseof twistingmisalinement
thejournalinclinationcausesa pressurizationof thefilmin areas
whichrepresentan increaseinworkingoilfilmextentandleveram.

Couplesin otherplanes.-Themisaligningcharacteristicsof bearings
determinedby thisinvestigationarelimitedto thetwocaseGinwhich

—

thecouplesarein eithertheplaneof thecentralloador in a normal
plane. Forallotherplanesof thecouple,thecharacteristicsarestill
tobe determined.However,sincethenumericalorderofmagnitudeof the
sxialandtwistingtisalinementcharacteristicsarenotgreatlydifferent, ,

.
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-,
itmay followthatforallotherplanesthecharacteristicsmay notbe
greatlydiffere~t.A couplein an intermediateplanewouldinvolvea

. combinationof coordinatecouplesin theaxialandtwistingplanesat
thesametime,a conditionwbichhasnotbeeninvestigated.

Doublevaluesat Z/d. 1..AS =Y be seenin figures6 and7, for
bearingsof 2/d= 1.0,twovalue8of couplevariablemay be obtained,
since‘2/d= 1’.0appe&s in boththelo@-bearingchart-andtheshort-
bearingchart. Thisis a directconsequenceof usingdifferentexperi-
mentalcurvesforcentral-loadingcharacteristicsas givenby thecurves
of figure4.

.

.

Theexperimentaldataforcentralloadingin figurek(a)aregrouped
wellenoughtogetherto suggestthedrawingof a singleexperimental
curvethroughthedataso thatthenumberof curvesin figures5, 6,
and7 wouldbe halved. In thisway thelong-ad short-bearingaxial
misalinementcharacteristicsof figure7 wouldappearon onechartin
whichtheclassesofbearingswouldbe distinguishedonlyby the
(2/d)2termin boththeordinateandabscissafollowingthedeviceused
in figure4(a). However,thispossibilitydeservesfurtherstudy.

In figure7 thezerovalueof thecouplevariable~ corresponds
witha smallbutfinitev~ue of S or CD. In figure7(a),for ~ = O,
s = 0.02. If theexperimentalcurvesof figurek wereto passthrough
S=Oatn= 1.0,as indicatedby theory,then ~ wouldbe zeroat
zerovaluesof S or Cn.

Maximumcou@e.-It is notdirectlyapparentfromfigure7 under
whatconditiona bearingcarriesthemsxhmm couple.Fora givenvalue
of ~, thecoupledependsuponImththecentralload P andthecouple
variable~. However,~ dependsuponthecentralloadas givenin
S or Cn. Therefore,as thecentralloadis increased,thecouplewill
increasewith P but at thesametimewilldecreasewith ~. Figure22
hasbeenpreparedto illustratenumericallythemagnitudesof the
coupleM as a functionof thecentralload P for ~ = 1.0; numerical
valuesof W, N, 2, d, and cd aregiven,and M and P arecalcu-
latedin inch-poundsandpm.nds,respectively.It maybe seenthatthe
abilityof a beari.pgto resistndmalinementincreasesas thecentral.load
increasesup to a givenpointandthatat veryhighcentralloadsthe
couplecapacitythendecreasesrapidlyto zeroas thecentralloadbeccnnes
greatenoughb give n = 1.0. Thetwosetsofmaximumcurvesreflectthe
doublevaluesobtainableat 2/d= 1, as discussedabove.

Pointcontactat endof a bearing.-Figure15 showsthatmanyexperi-
mentaldatapointswerein thevicinityof ~ = 1.0,andin somecases

R
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thisvaluewas exceeded.
.

Theactualendeccentricitiesas testedwere
slightlygreaterthsmthoseshownbecausetheplotteddatagivevalues
of + and ~ form idealstraightshaft.Duringtheexperiments

.—

therewas no visibleindicationthata valueof ma = 1.0 wasa signof
impendingbearingfailureas in thecaseof centralloadingwhere n
approached1.0. A possibleexplanationis thattheareaofmetallic
surfacecontactis smallerformisalinementthanforcentralLoading;
alsoforsoftbearingmetalssuchasbronzeorbabbitt,thepointcon-
tactby mi.salinementismoreeasilyaccommodatedthanis thelinecontact
by centralloading.Becauseof thesmallmagnitudeof theloadsinvolved
in incipientpointcontactundermisalinedloading,theheatgenerated
is smallandcauseslesstemperaturerise. Theincreasein loadthat
canbe carriedby boundarylubricationappearsto be appreciable.

Theapproachto themisalinementproblemtakenby thisinvestigation
hasbeena simplifiedoneinwhichquantitativerelationshipsincluding
attitudeangleareabsent.Theattitudeanglesof theendandcentral
eccentricitiesapparentlyarealsoa functionof theappliedmisaligning
couples.An analyticalsolutionofmlsalinementbehavioris neededto
revealpracticalmethodsof plottingattitude-angledata.

CONCLUSIONS

Thefol.low@gconclusionsmaybe drawnfromtheresultsof this
experimentalinvestigationofmisaligningcouplesandeccentricityat the
endsofmisalinedplainbearings:

1. Theexperimentallydeterminedcharacteristicsofmisalinedjow-
nalbearingsaresummarizedin theformof designchartswhichshowthe
relationbetweenthemisaligningcoupleandthemisalinedattitudeof a
bearinghavinga centralload.

2. Forpracticalpurposesthecenterof thebearingmaybe assumed
to remainat approximatelytheeccentricityforparallelcentralloading
withtheaxestiltingaboutthispointas a pivotasmisalinementoccurs.
Thedisplacementof thecenterof thejournalcausedby misalinementis
practicallynegligibleat heavycentralloads. At lightcentralloads
themotionof thebearingcenterbecomesmeasurable,tendingtomovealong
an arcat approximatelythemme eccentricityratio.

3. Wheretwoormorebearingsareusedon a shaft,theeffectof
angularmisalinementandshaftbendingdeflectionon oilfilmthickness
canbe estimatedby calculatingtheslopeof thedeflectioncurveat the
bearingandapplyingtheslopecorrectionin thebearinghalflength
abouta pivotpointat thecenterlocatedby theeccentricityratio n

.

.
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. forcentralloading.Correctionfortheparabolicdeflectioncurvature
of theshaftwithinthebearinglengthmay alsobe applied.

4. Singlebearingshaverelativelylittleresistanceto axialmis-
aligningcouples,whichare~logous to offsettingthelineof actionof
theloadawayfranthebearingcenter.Offsettingtheload10 percent
of thebearinglengthawayfromthecenterreducestheoilfilmthickness
locsllyat oneendof thebearingto a filmthicknesscorrespondingto
doublingtheloadat thebearingcenter.An offsetof 25 percentin
whichtheloadlineis halfwaybetweenthebearingcentersmdoneend
is comparablein localoilfilmtbiclmessto increasingthecentralload
overfivetimes. Theseratiosapplyto bearingshavinga length-diameter
ratioof 1 ormore,anda clearmce-diameterratioof 0.O-025or less.
Twistingmisaligningcoupleshavea similarbut slightlysmallereffect.

5. Mi~alinementhaslittleeffecton oilflowrateandbearingtem-
peratureif theamountofmisalignmentis smallenoughto preventmetallic
contact.

6. Themisalinedattitudeandthecoupleratioappearto be fundamen-
. talvariablesandtheirusesimplifiesthetreabnentofmisalinement.The

exponentsof theclearsmceratioandthelength-diameterratioin the
couplevariableareempiricallychosenandarea tentativeapproximation
basedon thedataavailable.

Themethodof plottingmi.salinedloadingusedin thisreportis
limitedto thecasewherea steadycentralloadia not zero~d theline
of actionof theloadpasseswithintheconfinesof thebearinglength.

CornellUniversity,
Ithaca,N. Y.,December31,1953.
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.

TABLEIII.-CCIIPARISONOFAXIALANDTWISTINGMISALIGNING

COUPLECAPACITIESOF LONGAND SHORTBEARINGS

Cm(twisting)
% Cm(axial) ~(twisting)

Cm(axial)

Longbearings

1.0
1.>
2.0
3.0
4.0
5.0
6.0

i::
9.0
10.0

Fig.6(a) Fig.6(b)

o 0
1.0> 1.70
1.75 2.45
2.70 3.70
3.?? 4.90
4.40 6.05
>.10 7.10
5.85 8.15
6.60 9.20
7.35 10.25-_

Shortbeari~s

Fig.6(c)

o
1.0
1.80
2.70
3.35
3.80
4.20
4.55
4.90
>.10
5.30

Fig.6(d)

o
1.45
1.%
2.75
3.40
4.05
4.60
5.10
5.60
6.10
6.65

----

1.62
1.40
1.37
1.38
1.38
1.39
1.39
1.39
1.40

----

1.45
1.08
1.02
1.02
1.07
1.10
1.12
1.14
1.20
1.25

●
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Figare1.-Relative geme’cric configurationof journal and beming
axes for a bearing acted upon by a combinationof central load
and misaligningcouple.
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Figure 2.- Diagram showing pl-amesof w~ion of mlsaltitig couples relative
to line of action of central load, as in experiments.
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(a) Long and short beartigs.

IHgure 4.- Eecentrici~ ratio for central loading.
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Figure k.- Continued-
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Figure 5.-Miealined attitudeas a &unction of load ratio and go~eld

or capacity number.
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Figme 5.-Concluded.
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(d) Short besrings; I/d ~ 1.0 for twistingmisalinement.
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Figure 6.- Concluded.
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(d) Short bearings; l/d S 1.0 for twisting mi.salineinent.Curves deter-
minedfrcmdata of figures >(b) md 6(d),

Flgme 7.- Concluded.
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Fi=e 8.- PhotoFJaphofbe~w testmachtie
showingcableandpulley

systemforapplyi%miaalfii~couples
to tubu-1.~extensionsfrom

testbesrtig.S-ystemformeasuring
disphcment ustigO.0001-inch

dialindicatorsis alsoshow.
me photo-electricosci~o~aphic

indicat~gsystm was
usedonlyin troubleshoottig.
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Figure 9.- Configurationof test bearing and test skft showing location
of oil hole and displacement-measuringrldera.
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Figure 10.- Schematicdia~m shoting appa.ratiEfor applyi~ central

10WI and misalintig couples. Meth@ of measuri~ oil flow iE also
shown.
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(a)Shaft6A; t/a= 2; d . Ii inches; 1 . + inches; Cd .0.00252 inch

at rcmm temperature.

Figure 14.- Couple variable against load ratio for axial misalineraent.
SAE 10 oil; 140° F at heater; p. . ~ pounds per square inch;

l/8-inch-dkmeter oil hole opposite cent,ralload; load ratio calcu-
lated Prcunequation (5) and based on experimentalcurve of figure ~(b).
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(a) Curves for L%mmrf eld number; axial misalinement;

d c l? inches; 1 . 2? inehesj cd = 0.002?2 inch at

Ehaft 6A; 2/d = 2;

rcom temperature.

Load ratio calculated from equation (5) and based on experimental
curve of Figure k(b).

Figure 15.- Experlmentd range of misalin.sdattitude .agdnat load ratio.
W 10 oil; 140° F at heater; p. = 80 pounds per equare inch; L/8-inch.

dimneter oil hole opposite central load.
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(b) Curves for Scumerfeld number; axial misallnawnt; shaft 6B; Z/d . 2;

d = 12 inches; L=
+

inches; cd = 0.w576 inch at reamtmuperature.

Lmd ratio calculatedfrcm equation (5) and bafiedon experimantsl
curve of figure L(b).

Figure 15. - Continued.
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(c) CurveB for Scmmerfeldnumber; axial misalinement; shaft 6c; Z/d = 1.5;

d = l? Inches; 1 . 2~ ~ches; cd . O.001~ inch at room temperature.
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Ioad ratio calculatedi?rcmequation (5) and based on experimental curve
of figure k(b).

Figure lg.- Continued.
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(d) Curves for $wmerfeld number; axial misalinement;

d = 1: inches; 1 . l; tnches; cd = 0.w183 inch at

Shct 6D; z/d . I;

roam temperature.

had ratio calculated from eqution (5) and ba6d on experimental
curve of figwre k(b).

FigOre 15.- ContinuA.



(e) Curves for capacity number; axial miaaltiement; fihaft6D; l/d = 1.0;

d. 1$ ~~he~; 1 . l? inches; cd = 0.00183 inch at room temperature.

Load ratio calculated from equation (5) and based on experimental
curve of figure 4(c).

Figure 15.- Continued. 8’
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(f) Curves for capacity number; axial m.iaalin.sment;shaft 6E; Z/d = 3/4j

d . l; fiches; 11 = 1— inches; cd = 0.002~ inch at rocm temperature.
32

Lad ratio calculated frcuaequation (5) and baaed on experimental
curve Or figure 4(c).

Figure 1>.- Continuwi.
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Curves for Sorcaerfeldnumber; twistingmisalinement; shaft 6A; 2/d = 2;

d = l; inches; 1=
+

inches; cd = 0.00z5Z inch at room temperature.

Load ratio calculated from equation (5) andbased on experimentalcurve
Of fi~re l(b).

Figure 15.- Contlmwi.
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(h) Curves for %rmnerfeld number; twistingmiaallnewnt; shaft 6B; Z/d = 2;

d = l; inches; 2.=.+ inche6; cd= 0.00376 inch at room temperature.

Laad ratio calculated from equation (5) ard based on experbrentalcurve
of figure k(b).

Figure 15.- Continued.
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(i) Curves for Sommrfeld number; twisti~ misalineut; shaft 6c; 2/d = 1.5;

d = l; inches; 1 = 2$ inches; cd = 0.00196 inch at room temperate.

kad ratio calculatedfrom equation (5) and based on experimentalcurve
Of figure A(b),

Figure 15.. Continu~, -s’
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(j) Curves for Sommerfeld number; twistingmlsalinement;shaft 6D; Z/d = 1;

d = 1~ inches; 1 = 1$ inches; Cd = O.00185 inch at room temperature.

Imad ratio calculate from equation (5) and based on experimentalcurve
of figure k(b).

Figure 15.- Continued.
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(1) Curves for capaci@ number; twistingmisal.inement;shaft 6E; Z/d . 3/4;

d = l? inches; 1 = 1$ inches; cd = 0.00258 inch at room temperature. E
s

Lmd ratio calculated from equation (5) and based on experimentalcurve
of figure 4(c).

Figure 15.- Concluded.
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(a) Axial misalhement; shaft 6A; l/d - 2; d = l? inches; 2 = ~ inches;

cd = 0.00252 fnch at room temperature.

Figure 16.- End eccentricityratios. SAE 10 oil; 140° F at heater;
PO = M POL@S per square inch; l/&inch-diameter oil hole opposite
central load. -#
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(b) TWLS’CirLSmisaline~nt; shaft 6A; lfd = 2; d = l; inches; 1 =
e

inches;

cd = O.@32>2 inch at room temperature.

Figure 16.- Continned.
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(c) Axial misalinement;shaft 6D; Z/d = 1; d = 1~ inches; 2 = l; inches;

cd = 0.00185 inch at room temperature.

Figure 16.- Continued. ii I
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(d) Twisting misalinement; shaft 6D; l/d = 1; d = l~inches; 1 = l~lnches;

cd = 0.00185 inch at room temperature.

Figure 16.- Concluded.
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x 6C 738 $2* IJ3 %

(a) Axial mipalinement. Shaft 6A: Z/d = 2; d = l; inches; L = # inches;
4

cd = 0.00&2inch. Shaft&: 2/d= 1.5;d = 12 inchefi;
8.

1 = 2~ fncheOj
16

cd ~ 0,00196 inch.

Figure 17.- Effect of’misalinementon oil flow rate. SAE 10 oil; 140° F at
heater; p. = 80 pounds per fiquareinch; l/8-inch-dianeteroil hole

oPPoEite central 10W.I.
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(b) TWi.ting misalinement. Swt 6A: Z/d . 2; d . l; in~he~; z .< tnche~;

cd = 0.0U252 inch. shaft &: L/d = 1.5; d = 1$ inches; 1 = 2& inches;

cd = 0.0Q196 inch.

Figure 17.- Concluded.
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Figure 18.- Diagram showing correcttoniimsde to account for shaft incli-
nation and shaft bending deflection in calculatingeccentricitiesat
ends of bearing from measurd displacementsat riders. Configuration
shown applies to vertical eccentricities.
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Figue 19.- Chsnges in diametralclesranceas a function of temperature
difference of two pointe in test-besxingwall. ~ and T9 are bearing

t~eratmres at 1/16inch and 2 inches, respective~, frombe~~g

surface. Running clearancesof test bearing are determinedby subtrac-
ting change in clearance from rcom-temperatureclearance.
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Figure20.- Viscosity-temperaturecharacteristicsof SAE10 oilusedin
experiments.
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